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Multiferroic composite materials, consisting of coupled ferromagnetic and piezoelectric phases, are of great 
importance in the drive towards creating faster, smaller and more energy efficient devices for information 
and communications technologies. Such devices require thin ferromagnetic films with large 
magnetostriction and narrow microwave resonance linewidths. Both properties are often degraded, 
compared to bulk materials, due to structural imperfections and interface effects in the thin films. We report 
the development of epitaxial thin films of Galfenol (Fe 81 Ga 19 ) with magnetostriction as large as the best 
reported values for bulk material. This allows the magnetic anisotropy and microwave resonant frequency to 
be tuned by voltage-induced strain, with a larger magnetoelectric response and a narrower linewidth than 
any previously reported Galfenol thin films. The combination of these properties make epitaxial thin films 
excellent candidates for developing tunable devices for magnetic information storage, processing and 
microwave communications. 



The ability to manipulate magnetic properties by the application of an electric field is an important function- 
ality in designing devices for information storage and processing where it will remove the need to apply 
electrical currents which create heat dissipation and stray magnetic fields. Magnetoelectric effects are also 
important for creating electrostatically tunable microwave resonators, phase shifters and filters which find 
applications in signal processing technologies 1 " 3 , and in schemes for performing logical processing operations 
using spin waves 4 " 6 . 

These effects can be realised by voltage-induced strain in ferromagnet/piezoelectric hybrid structures 7 " 13 
containing a magnetostrictive ferromagnetic component, as was proposed recently in concepts for energy effi- 
cient magnetic random access memory (MRAM) 14 and spin wave logical processing devices 4 ' 5 . The realisation of 
such nanoscale magnetoelectric devices requires the development of thin magnetic films with high magneto- 
striction constants. Galfenol, an alloy of Fe and Ga has attracted great interest over the last decade or so because it 
exhibits the largest magnetostriction of any metal alloy not containing rare earth elements 15 , whilst retaining a 
high magnetic moment, large spin polarisation and large magnetic anisotropy. However, sputtered Galfenol in 
thin film form tends to show significant reductions of the magnetostriction due to the polycrystalline nature of the 
films 16 . Also, especially detrimental for microwave applications is the fact that the resonant linewidths are 
large 17,18 . To overcome this, Fei_ x Ga x can be doped with boron resulting in narrow linewidths. Unfortunately, 
whilst alloying with boron reduces the linewidth it also reduces the magnetostriction further 19 20 and so the 
magnitude of the magnetoelectric effect has to be traded off against linewidth. Narrow resonant linewidths 
and low damping are particularly important attributes of materials for microwave and spinwave applications. 

In this article we report the development of epitaxial thin films of Fe 81 Ga 19 grown by molecular beam epitaxy 
(MBE) on GaAs(OOl) substrates. The close lattice match to the substrate allows the growth of epitaxial films with a 
cubic structure. Previous reports of MBE grown Galfenol have not included measurements of the magnetostric- 
tion or of the microwave properties 21 ' 22 . We have measured the magnetostriction by monitoring the change in the 
magnetic anisotropy in response to an applied strain (i.e. the Villari effect) and found it to be as large as the best 
values reported for bulk single crystals of Galfenol, and larger than for any other thin films not containing rare 
earth elements. Ferromagnetic resonance (FMR) studies reveal a narrow resonant linewidth of 6.7 mT (at 
10 GHz), and a strain tunable response of the resonant field of 19.3T per unit strain, larger than the best reported 
values for Galfenol based thin films. 
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Figure 1 | Structural and magnetic properties, (a) X-ray 20/co scan (main graph) and the co scan (left inset) and (j) scan (right inset) of the MBE-grown 
thin Fe 81 Ga 19 film. The points and lines denote the measured data and the fits, respectively, (b) The change in the transverse resistivity measured as a 
function of the magnetic field applied in the plane of the device along the [100]/[010] directions with tensile strain, s = s^— Syy applied, (c) Magnetic 
hysteresis loop extracted from the data in (b) using the AMR formula for transverse resistivity and magnetic field applied along [100]. (d) Schematic 
diagram of the Hall bar/piezoelectric device layout showing directions of the tensile strain, s^, the electrical current, j, and the crystalline directions of the 
Fe 81 Ga 19 film. 



Results 

Structure. The crystal structure of our MBE-grown thin film was 
confirmed by x-ray diffraction (XRD). Similar to the case of Fe/ 
GaAs(OOl) 23 , the (001) planes of the Fe 81 Ga 19 film are parallel to 
those of the substrate, with a lattice constant which is approxi- 
mately half that of GaAs. The 20/co scan shown in figure 1(a) was 
fitted by standard XRD software using a model of a single perfect 
layer on a semi-infinite substrate. From the fit we determined the 
thickness of the layer to be t = 21.0 ± 0.2 nm and the vertical 
strained lattice parameter a± = (0.29607 ± 0.00003) nm, repre- 
senting a lattice mismatch (a± —a 0 )/a 0 , of 4.6%, where a± is the 
lattice parameter along the growth axis for the Fe 81 Ga 19 film, and a 0 
= 0.283 nm corresponds to half the GaAs substrate lattice 
parameter. The clear fourfold symmetry observed in the </> scan of 
the Fe 81 Ga 19 (right inset to Fig. 1(a)) confirms the epitaxial 
relationship between the film and the substrate. The presence of 
the sharp majority component in the co-scan (left inset to Fig. 1(a)) 
indicates the high quality of the mean crystal structure. The minor 
broad component is likely caused by localised, point like defects. 

Determination of the magnetostriction. Measurement of the mag- 
netostriction in a thin film is complicated by the fact that the film is 
clamped to a substrate, and must be achieved by measuring the 
change in the magnetic anisotropy in response to a strain induced 
in the film. To do this we employed a method developed previously 
in studying magnetostriction in dilute magnetic semiconduc- 
tors 7 ' 24 . This involved bonding the magnetic film to a piezoelectric 



transducer and inducing a uniaxial strain in the film by the 
application of a voltage to the transducer. The magnetic anisotropy 
was deduced by fitting to curves of magnetisation versus external 
magnetic field, which were extracted from electrical measurements 
on a Hall bar device fabricated in the Fe 81 Ga 19 film. Electrical 
measurements allow readout of the direction of the magnetisation 
by measuring the anisotropic magnetoresistance (AMR). To a good 
approximation, for in plane magnetisation, the longitudinal (pxJ 
and transverse (pxy) resistivities are given by p xx = p av + ApcoslO 
and p xy = Ap sin 20, where 0 is the angle between the magneti- 
sation and the current, p av is the average of pxx when the magneti- 
sation is rotated through 360° in the plane, and Ap is the amplitude of 
the AMR. 

Figure 1(b) shows the change in p xy measured at room temper- 
ature as an external magnetic field is applied in the film plane along 
the [100]/ [010] directions for a positive voltage (V P ) applied to the 
piezoelectric transducer, corresponding to a tensile strain induced in 
the [010] direction in the Hall bar device. Large changes of p^ 
correspond to large changes of the magnetisation orientation as 
the external magnetic field is swept through zero, indicating that 
field sweeps along such directions correspond to sweeps along hard 
magnetic axes. Therefore, the magnetic easy axis can be identified as 
close to [010] for large tensile strain along that direction. The mag- 
netic hysteresis curve for the field along the hard [100] axis, extracted 
from the resistivity data, is shown in figure 1(c). The shape of the 
magnetic hysteresis loop, involving a double step in each field dir- 
ection, is characteristic of the magnetic reversal behaviour of a 
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sample with biaxial anisotropy 25 . The switching fields labelled H x 
and H 2 correspond to the magnetisation switching between the 
[100]->[010] and [010] -»[-100] directions respectively. 

We modelled the hard axis magnetisation curves by minimising 
the magnetic free energy, given by: 



= K c/ 4 sin 2 2\l/ + K u sin 2 (\l/- 7 ^ - MHcos(3 - + E ME (1) 

where \|/ is the angle between the magnetisation and the [010] crystal 
direction. The first term in this expression represents the cubic mag- 
netocrystalline anisotropy energy density, favouring easy axes along 
the [100]/[010] directions. The second term is a uniaxial magneto- 
crystalline anisotropy energy density, typically found for ferromag- 
netic films deposited on GaAs(OOl) substrates 23 , which favours the 
[110] direction for our films. Fits to superconducting quantum inter- 
ference device (SQUID) magnetometry measurements, reported 
previously 26 for our films, yield K c = 33 kjm" 3 and Ky = 
9 kjm" 3 . The last two terms represent the Zeeman energy of the 
magnetisation M interacting with the external field, H applied at 
an angle 5 to the [010] direction, and the magnetoelastic energy 
induced by the applied strain. This is given by: 



~-B ] (s x: 



y )sin 2 \lj 



(2) 



Where B\ = - ^100(^12 — Cn) is the magnetoelastic constant, 2 10 o is 

the magnetostriction constant, c 12 and c n are the elastic constants, 
and and Syy are the relevant components of the strain tensor. The 
method for extracting the components of the strain tensor from our 
electrical measurements has been described previously 26 . It is not 
possible to separately extract the magnetostriction and elastic con- 
stants from our measurements due to the clamping of the thin film to 
the relatively thick substrate. However, for the purposes of magneto - 
electric applications, the magnetoelastic constant Bi is the parameter 
of most interest. The model was fitted to the switching fields from the 
data obtained for a range of induced strains, by minimising the 
energy density in equation (1) with the additional condition that 
the magnetisation switching events between local energy minima 
occur when the reduction in the magnetic energy density equals 
the energy density required to de-pin a magnetic domain wall 
(E DW ). For this fitting B x and E DW were the only free parameters. 

Figures 2(a) and (b) show Bi (e xx — £ 77 )and E DW as a function of 
strain, extracted for a range of voltages applied to the piezoelectric 
transducer. Also shown are the values that would be obtained for 
quench cooled alloys, taking values of 3/22 100 = 3.95 X 10" 4 and 
(C12-C11) = 39 A GPa from ref.[15]. The magnetostrictive response of 
our thin film is as large as the values for the best bulk single crystals. 
This is likely due to the excellent crystal quality of our epitaxial 
Fe 81 Ga 19 films. The diminished magnetostriction reported in poly- 
crystalline thin films 16 arises from averaging of the crystal directions 
and may also be affected by grain boundaries which provide a mech- 
anism by which the induced strain can relax. 

The domain wall pinning energy, E DW is found to have no signifi- 
cant dependence on the induced strain. This can be understood if we 
consider pinning sites to occur where there are spatial variations in 
the quantity E[ 10 o]-[oio] = E([100]) — E([010]), the difference in the 
anisotropy energy for the magnetisation along the two cubic direc- 
tions. Homogeneous variations of the anisotropy energy due to the 
induced strain will not change the relative spatial fluctuations in 
E[ 100] -[010] an d so will not alter the domain wall pinning energy. 
This observation will be important in designing and understanding 
the operation of devices which utilise strain as a method to control 
magnetic domain walls. 

Ferromagnetic resonance studies. In order to measure the aniso- 
tropic FMR we utilized vector network analysis in combination with 
an octupole electromagnet capable of applying a field at any point in 
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Figure 2 | Measured magnetoelastic and domain wall energies, (a) The 

magnetic free energy coefficient induced by the strain for the epitaxial thin 
Fe 8 iGai 9 films obtained from electrical transport (black circles) and FMR 
measurements (blue squares). For comparison the curves deduced from 
the numbers reported for bulk single crystals (solid red line) 15 and thin 
FeGaB (dashed blue line) films 19 are also shown, (b) The domain wall 
pinning energy extracted from fitting to the electrical transport 
measurements. 

a sphere of 0.5T radius. Figure 3(a) shows a 2D resonance map 
obtained by measuring the s-wave parameter, S 12 which is related 
to the microwave transmission, as a function of frequency and 
applied field. 

An expression for the FMR frequency is given by Smit and Beljers 27 



1 



M 2 sin 2 0 



d 2 F d 2 F 



(— V 

dip 2 dip 2 \di]/d(p) 



(3) 



where M is the saturation magnetisation, 00 the resonant angular 
frequency, y the gyromagnetic ratio and q> and xjj are the polar and 
in -plane azimuthal angles of the magnetisation, respectively, which 
can be calculated with the equilibrium conditions, 



dF dF 

— — =0,— =0, 

dyy dip 



(4) 



The magnetic free energy density, F, is an expression similar to Eq. 
(1), with additional terms to account for a magnetic anisotropy term 
and demagnetising field, favouring magnetisation lying in the plane 
of the film. By solving Eq. (3) under the conditions of Eq. (4), theor- 
etical curves for the resonant frequency as a function of applied field 
were obtained and are in excellent agreement with the experimental 
data (red line in Fig. 3(a)). 

Line scans through the frequency vs field map reveal the linewidth 
of the FMR, which is related to the damping in the ferromagnetic 
material. Figure 3(b) shows a horizontal line scan through Fig. 3(a) at 
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Figure 3 | Ferromagnetic resonance, (a) Frequency vs magnetic field map 
of absorbed microwave power (VNA S 12 ) for the magnetic field applied 
along the [100] easy axis. The Kittel resonance can be clearly identified. The 
red line represents the theoretical curve, (b) The microwave transmission 
vs magnetic field measured from a line scan through (a) at a frequency of 
15 GHz. The data (red dots) are fitted to an asymmetric peak function 
(blue line) allowing the linewidth, defined as the half width at half 
maximum, to be extracted. Inset shows the resonant frequency as a 
function of applied strain for |a 0 H = 20 mT applied along the [010] 
direction. 

a frequency of 15 GHz. The raw data is fitted to an asymmetrical 
peak, which takes into account the coupling between the magnetic 
sample and the coplanar waveguide (CPW) which can partly mix the 
real and imaginary parts of the magnetic susceptibility. A striking 
feature of this epitaxial thin film is the narrow linewidth, defined as 
the half width at half maximum of the peak. Such narrow linewidths 
are indicative of a high quality, weakly damped system. Previous 
measurements of the FMR linewidth of bulk and thin film 
Fei_ x Ga x have shown linewidths at X-band excitation frequencies 
(—10 GHz) between 40 mT 17 and 70 mT 18 for Ga concentrations 
around x = 20%. In our epitaxial Fe 81 Ga 19 thin films the FMR 
linewidth at 10 GHz is 7.7 ± 0.3 mT along the [100] and [010] easy 
axes and 6.7 ± 0.3 mT along the [110] hard axes, which is a factor of 
5 to 9 lower than previous values found in the literature. Narrow 
linewidths are important in microwave devices, for example, in max- 
imizing the power output in spin torque oscillator devices, as well as 
increasing the range of dc currents where the oscillator will lock to a 
reference signal. 
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Figure 4 | Strain dependence of FMR resonance field and linewidth. 

(a) The resonance field (jj, 0 H r ) along the [100] axis as a function of the 
strain at an RF frequency of 15 GHz. (b) The FMR linewidth vs resonant 
frequency for different applied strain (points). Fits to the data using Eq. (6) 
are shown by solid lines. Inset: The intercept, [i 0 AH as a function of the 
applied strain. 

The effect of the voltage-induced strain on the value of the res- 
onant field along the [100] direction was investigated at 15 GHz and 
is shown in figure 4(a). By applying voltages over the working range 
of the piezoelectric transducer in the hybrid structure we are able to 
tune the resonant field by 6 mT. Such a property has significant 
implications for electric-field tunable magnetic microwave oscilla- 
tors developed from such materials. The magnetoelastic energy can 
be extracted from figure 4(a) using the relationship: 



BlUx: 



MAH t 



&vv ) — 



R 



(5) 



where AH R is the change in the resonance field in response to the 
induced strain. The values of Bi (& xx — s yy ) extracted from the FMR 
measurements, shown in Fig. 2(a), are consistent with the large 
magnetostrictive response observed in the electrical transport device. 
Recent work by Lou et al [19] showed a giant tuning of the resonant 
frequency in the alloy FeGaB grown on the ferroelectric substrate 
PZN-PT. Using the values from ref.[19] (k s = 60 ppm, Young's 
modulus = 55 GPa), the corresponding curve for their FeGaB device 
is plotted in Fig. 2(a). The sensitivity of Bi (e xx — s yy ) and of the 
resonant field to an applied strain is approximately three times larger 
in our Fe 8 iGai 9 thin film than in the films studied in ref.[19]. 
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The effect of the voltage-induced strain on the linewidth of the 
FMR is shown in Fig. 4(b). The frequency dependent linewidth, 
AH(f) is related to the damping parameter, oc by 28 : 

AH(f)=AH 0 + 2 ^£ (6) 

y 

From linear fits to the plots in Fig. 4(b) using Eq. (6) we are able to 
extract both the intrinsic damping, a, and the extrinsic damping, 
AH 0 , as a function of strain. The gradient of AH vs frequency is 
approximately equal for all applied strains, implying that the damp- 
ing parameter, a = 0.017, is independent of strain. A similar mea- 
surement of the related composite multiferroic FeGaB/PZN-PT by 
Lou et al. 20 , showed a large variation of a with the voltage induced 
strain. Given that AH is dependent on the voltage induced strain, but 
that the gradient is independent, the only remaining factor that can 
account for the change in linewidth is the offset, AH 0 , which is related 
to the extrinsic damping. The inset to Fig. 4(b) plots AH 0 as a func- 
tion of applied strain. The extrinsic damping is enhanced for 
non-zero tensile and compressive strain. Extrinsic damping is pre- 
dominantly caused by inhomogeneous variations in the magnetic 
properties of the film. One possible explanation for the voltage 
dependent extrinsic damping is that the voltage-induced strain 
may vary slightly across the film, thereby modifying the magnetic 
anisotropy inhomogeneously. 

Discussion 

Growth of Fe 81 Ga 19 on the GaAs(OOl) surface by MBE results in high 
quality epitaxial films. The films do not suffer from the reduction in 
magnetostriction observed in thin Fei_ x Ga x films grown by other 
methods, and exhibit an inverse magnetostrictive response as high 
as the best bulk single crystal samples. The combination of large 
magnetostriction and cubic magnetic anisotropy has been shown 
previously to enable useful functionalities, including strain-mediated 
voltage-induced non-volatile switching of the magnetisation dir- 
ection 26 , and tunability of ordered magnetic domain patterns 29 . 
The demonstrations of such functionalities highlight epitaxial 
Fe 81 Ga 19 films as excellent candidates for applications in electric field 
controlled magnetic information storage 14 and logical processing 
devices 30 . 

We have shown that the large magnetostriction also enables large 
voltage-tunable shifts of the microwave resonant field and frequency. 
Compared to previous work on tuning of the microwave properties 
of Galfenol based thin films by a piezoelectric substrate 19,20 , our 
material achieves the largest reported change in effective field per 
unit strain. In addition, we find that the damping in the film, as 
measured around the X-band frequency, is substantially lower than 
previously reported values for Fe!_ x Ga x and is comparable to the 
amorphous FeGaB compounds. However, in the case of FeGaB, 
the addition of boron to reduce the linewidth is responsible for the 
diminished magnetostrictive effect. The combination of large mag- 
netostriction and low damping in our epitaxial thin films is very 
promising for applications in microwave frequency communications 
devices and concepts for logical processing using spinwaves. 

The modifications of the resonance linewidth with applied strain 
are due to an increase in the extrinsic damping, likely caused by 
inhomogeneous strain, while the damping parameter, a remains 
constant. By scaling down the device to micron or submicron size, 
such inhomogeneities should be negated, reducing the extrinsic 
damping parameter further. In addition, reducing the size of the 
piezoelectric transducer to the micron range, or utilising single crys- 
tal piezoelectric chips such as those used in references [19] and [20], 
will allow large strains to be achieved by the application of only a few 
volts, thereby fully utilising the advantageous properties of our epi- 
taxial ferromagnetic films to induce large shifts in the resonant fre- 
quency (Af). In the present device, we observe Af/s = 1950 GHz per 
unit strain at an applied field of 20 mT (inset to Fig. 3(b)). This 



compares favourably with the device in reference [19] where Af/s 
= 1800 GHz per unit strain was observed. 

Methods 

The 21 nm molecular beam epitaxy (MBE) grown film was deposited by co-evap- 
oration from Fe and Ga Knudsen cells at a substrate temperature of 0°C. The 
GaAs(OOl) substrate was first prepared by a high temperature (550°C) bake in 
vacuum followed by the deposition of a high temperature GaAs buffer layer. A 5 nm 
amorphous GaAs capping layer was grown to protect the metallic layer from 
oxidation. 

The crystal structure of the layers was investigated by high-resolution x-ray dif- 
fraction. We used a PaNalytical MRD diffractometer equipped with standard Cu x- 
ray tube, a parabolic x-ray mirror and a 4 X 220 Ge Bartels monochromator, as well 
as a 3 X 220 Ge channel-cut crystal analyser and a point detector. We measured a 
symmetric 20/co scan crossing the 002 Fe 81 Ga 19 and 004 GaAs maxima, and a co scan 
across the 002 Fe 8 iGa 19 layer peak. The (j) scan was aligned on the Fe 81 Ga 19 (011) 
diffraction peak and rotated around the c axis to access the (011), (101), (0-11) and 
(—101) reflections. 0 = 0 corresponds to alignment with the GaAs cleavage edge 
which is the GaAs and FeGa [110] direction, meaning there is a 45 degree offset for (j) 
with respect to the principal crystalline axes of both sample and substrate. 

For electrical transport studies, standard photolithography techniques were used to 
fabricate a Hall bar of width 45 urn with voltage probes separated by 235 urn, with the 
direction of the current along the [110] crystal direction (Fig. 1(d)). Following a 
similar technique to Ref.[7] the chip was bonded onto a piezoelectric transducer 
capable of producing a uniaxial strain in the layer of order a few 10~ 4 at room 
temperature for applied voltages in the range —30 V to +50 V. Uniaxial strain was 
induced along the [010] crystal direction with tensile strain defined as positive along 
this direction. 

For FMR measurements, an unpatterned 5 mm X 5 mm sample, bonded onto a 
piezoelectric transducer, was mounted face down onto a 50Q coplanar waveguide 
(CPW) connected to a two port vector network analyser (VNA) and centred between 
the poles of an octupole vector magnet. By measuring the microwave transmission 
losses whilst sweeping the microwave frequency as a function of bias field and angle, 
angular dependent FMR spectra were collected. In order to remove artefacts due to 
the CPW and cables a background trace, obtained by applying a field large enough to 
push the FMR above the frequency range of the VNA, was subtracted from each 
frequency scan. VNA-FMR spectroscopy over the microwave frequency range 0.5- 
20 GHz was used to measure the effect of the voltage induced strain on the resonant 
frequency, linewidth and anisotropy. 

1. Festinov, Y. K. & Srinivasana, G. Electric field tuning characteristics of a ferrite- 
piezoelectric microwave resonator. Appl. Phys. Lett. 88, 143503 (2006). 

2. Ustinov, A., Srinivasana, G. & Kalinikos, B. A. Ferrite-ferroelectric hybrid wave 
phase shifters. Appl. Phys Lett. 90, 031913 (2007). 

3. Pettiford, C., Dasgupta, S., Lou, J., Yoon, S. D. & Sun, X. Bias field effects on 
microwave frequency behavior of PZT/YIG magnetoelectric bilayer. IEEE Trans. 
Magn. 43, 3343 (2007). 

4. Khitun, A., Bao, M. & Wang, K. L. Magnonic logic circuits. /. Phys. D 43, 264005 
(2010). 

5. Khitun, A. & Wang, K. L. Non- volatile magnonic logic circuits engineering. 
/. Appl. Phys. 110, 034306 (2011). 

6. Schneider, T. et al. Realization of spin-wave logic gates. Appl. Phys. Lett. 92, 
022505 (2008). 

7. Rushforth, A. W. et al. Voltage control of magnetocrystalline anisotropy in 
ferromagnetic- semiconductor-piezoelectric hybrid structures. Phys. Rev. B 78, 
085314 (2008). 

8. Weiler, M. et al. Voltage controlled inversion of magnetic anisotropy in a 
ferromagnetic thin film at room temperature. New J. Phys. 11, 013021 (2009). 

9. Boukari, H., Cavaco, C., Eyckmans, W., Lagae, L. & Borghs, G. Voltage assisted 
magnetic switching in Co 5 oFe 5 o interdigitated electrodes on piezoelectric 
substrates. /. Appl. Phys. 101, 054903 (2007). 

10. Lee, J.-W., Shin, S.-C. & Kim, S.-K. Spin engineering of CoPd alloy films via the 
inverse piezoelectric effect. Appl. Phys. Lett. 82, 2458 (2003). 

11. Overby, M., Chernyshov, A., Rokhinson, L. P., Liu, X. & Furdyna, J. K. GaMnAs- 
based hybrid multiferroic memory device. Appl. Phys. Lett. 92, 192501 (2008) 

12. Goennenwein, S. T. B. et al. Piezo- voltage control of magnetization orientation in 
a ferromagnetic semiconductor. Phys. Status Solidi RRL 2, 96 (2008). 

13. Brandlmaier, A. et al. In situ manipulation of magnetic anisotropy in magnetite 
thin films. Phys. Rev. B 77, 104445 (2008). 

14. Hu, J-M., Li, Z., Chen, L.-Q. & Nan, C.-W. High-density magnetoresistive random 
access memory operating at ultralow voltage at room temperature. Nature 
Communications 2, 553 (2011). 

15. Clark, A. E. et al. Extraordinary magnetoelasticity and lattice softening in bcc 
Fe-Ga alloys. /. Appl. Phys. 93, 8621 (2003). 

16. Dean, J. et al. Numerical study of the effective magnetocrystalline anisotropy and 
magnetostriction in polycrystalline FeGa films. /. Appl. Phys. 110, 043902 (201 1). 

17. Butera, A., Gomez, J., Weston, J. L. & Barnard, J. A. Growth and magnetic 
characterization of epitaxial Fe 8 iGa 19 /MgO (100) thin films. /. Appl. Phys. 98, 
033901 (2005). 



SCIENTIFIC REPORTS | 3 : 2220 | DOI: 1 0.1 038/srep02220 



5 



18. Lou, J. et al. Soft magnetism, magnetostriction, and microwave properties of 
FeGaB thin films. Appl. Phys. Lett. 91, 182504 (2007). 

19. Lou, J., Liu, M., Reed, D., Ren, Y. & Sun, N. X. Giant electric field tuning of 
magnetism in novel multiferroic FeGaB/lead zinc niobate-lead titanate 
(PZN-PT) heterostructures. Adv. Mat. 21, 4711 (2009). 

20. Lou, J. et al. Giant microwave tunability in FeGaB/lead magnesium niobate-lead 
titanate multiferroic composites. Appl. Phys. Lett. 92, 262502 (2008). 

21. van 'tErve, O. M. J. et al. Epitaxial growth and electrical spin injection from 
Fe (1 _ x) Ga x (001) films on AlGaAs/GaAs (001) heterostructures. Appl. Phys. Lett. 
91, 122515 (2007). 

22. Resnick, D. A., McClure, A., Kuster, C. M., Rugheimer, P. & Idzerda, Y. U. Field 
dependent magnetic anisotropy of Ga 0 .2Fe 0 . 8 thin films. /. Appl. Phys. 109, 07A938 
(2011). 

23. Wastlbauer, G. & Bland, J. A. C. Structural and magnetic properties of ultrathin 
epitaxial Fe films on GaAs(OOl) and related semiconductor substrates. Advances 
in Physics 54, 137 (2005). 

24. Casiraghi, A. et al. Piezoelectric strain induced variation of the magnetic 
anisotropy in a high Curie temperature (Ga,Mn)As sample. Appl. Phys. Lett. 101, 
082406 (2012). 

25. Dumm, M. et al. Magnetism of ultrathin FeCo (001) films on GaAs(OOl). /. Appl. 
Phys. 87, 5457 (2000). 

26. Parkes, D. E. et al. Non- volatile voltage control of magnetization and magnetic 
domain walls in magnetostrictive epitaxial thin films. Appl. Phys. Lett. 101, 
072402 (2012). 

27. Smit, J. & Beljers, H. G. Ferromagnetic resonance absorption in BaFeO , a high 
anisotropy crystal. Philips Res. Rep. 10, 113 (1955). 

28. Farle, M. Ferromagnetic resonance of ultrathin metallic layers. Rep. Prog. Phys. 61, 
755 (1998). 

29. Cavill, S. A. et al. Electrical control of magnetic reversal processes in 
magnetostrictive structures. Appl. Phys. Lett. 102, 032405 (2013). 



30. Allwood, D. A. et al. Magnetic domain- wall logic. Science 309, 1688 (2005). 



Acknowledgements 

The authors acknowledge financial support from EPSRC grant number EP/H003487/1 and 
EU grant No. NAMASTE 2 14499. We are grateful for useful discussions with Dr Jan Zemen, 
Prof. Bryan Gallagher and Prof. Tomas Jungwirth. 

Author contributions 

D.E.P. processed the devices and carried out the transport measurements, L.S. performed 
the FMR measurements, P.W., V.H., M.W. and A.T.H. carried out the X-ray diffraction 
measurements and analysis, R.P.C. carried out growth of the MBE films, S.A.C. and G.v.d.L. 
performed the macrospin calculations, S.A.C. devised the FMR experiments, A.W.R. and 
K.W.E. devised the transport measurements, all authors contributed to the writing of the 
manuscript, analysis of the data and interpretation. 

Additional information 

Competing financial interests: The authors declare no competing financial interests. 

How to cite this article: Parkes, D.E. et al. Magnetostrictive thin films for microwave 
spintronics. Sci. Rep. 3, 2220; DOI:10.1038/srep02220 (2013). 

lfccl(D®(§)l ^ n * s wor k * s li cense d under a Creative Commons Attribution- 

K-M'MMdd NonCommercial-ShareAlike 3.0 Unported license. To view a copy of this license, 

visit http://creativecommons.Org/licenses/by-nc-sa/3.0 



SCIENTIFIC REPORTS | 3 : 2220 | DOI: 1 0.1 038/srep02220 



6 



